Introduction {#s0001}
============

*Staphylococcus aureus* (*S. aureus*), as an important cause of many diseases such as abscess and epifolliculitis, was first isolated from a surgical abscess by Ogston in 1880.[@cit0001] Many researches have shown that the mortality rate of patients infected with *S. aureus* in the United States is as high as 18%.[@cit0002] Significant morbidity and mortality show *S. aureus* infection as an increasingly serious problem in clinical practice.[@cit0003] With the widespread use of antibiotics in clinical practice, the drug-resistance of *S. aureus* is becoming more and more serious,[@cit0004] especially methicillin-resistant *S. aureus* (MRSA), which has become a major problem in clinical treatment worldwide.[@cit0005] Therefore, how to properly treat drug-resistant *S. aureus* infection is an urgent problem for medical workers.

The rise of drug-resistant *S. aureus* has also led to a significant decline for its treatments.[@cit0006] At present, the commonly used drugs are teicoplanin, tigecycline, vancomycin, linezolid, and fosfomycin.[@cit0007],[@cit0008] Fosfomycin is one of the bactericidal antibiotics discovered in Streptomyces in 1969, which could act on *S. aureus* by inhibiting cell wall synthesis.[@cit0009],[@cit0010] As a common antibiotic, fosfomycin could be used alone or in combination with other antibiotics to treat the infections caused by MRSA.[@cit0011] However, with the extensive use of fosfomycin against *S. aureus*, fosfomycin-resistant *Staphylococcus aureus* (FRSA) has also emerged. Relevant data showed that the resistance rate of fosfomycin has reached 30%.[@cit0012] Among the new promising strategies, in this context, combination therapies between fosfomycin and other drugs are used to treat bacterial infections.[@cit0013]

Recently, many studies have indicated that fosfomycin combined with daptomycin, linezolid vancomycin or imipenem can be used as an alternative to the treatment of MRSA infection.[@cit0011],[@cit0012],[@cit0014],[@cit0015] MRSA reduced PBP2A expression in the presence of fosfomycin, thereby increasing sensitivity to β-lactam.[@cit0011] However, there are few reports on the treatment of infections caused by FRSA. In Japan, Kouda, many scholars found that the combination of imipenem, cilastatin and cephalosporin has a significant synergistic effect on FRSA.[@cit0016] Thus, there is an urgent need to develop new antibacterial compounds that synergize with fosfomycin, aiming to solve the problem of *S. aureus* resistance.

Traditional Chinese Medicine (TCM) has its own unique advantages in the treatment of infectious diseases. At present, there are many researches on developing new drugs from TCM in China and abroad. Cryptotanshinone, a TCM monomer with antibacterial, anti-inflammatory and anticancer effects extracted from Salvia miltiorrhizais, is a natural compound.[@cit0017] In terms of Chinese medicine, cryptotanshinone has the effects of promoting blood circulation and removing blood stasis, menstrual pain relief, cooling blood and carbuncle. Cryptotanshinone exhibits bacterial activity against most Gram-positive bacteria, including *S. aureus*, Gram-negative bacteria and other microorganisms.[@cit0018] Currently, there is no study on the combination of cryptanshinone and fosfomycin to restore the sensitivity of fosfomycin against FRSA.

The aim of this study was to evaluate the activity of cryptotanshinone combined with fosfomycin against FSSA and FRSA, which would provide a better treatment scheme for FRSA infection clinically and new ideas for the treatment of other drug-resistant infections in the clinic as well.

Materials and Methods {#s0002}
=====================

Bacterial Strains {#s0002-s2001}
-----------------

Seven clinical FRSA strains were isolated during 2011 and 2012 from Lishui Central Hospital in Zhejiang Province, and the reference fosfomycin-susceptible Staphylococcus aureus (FSSA) ATCC 25,923 strain was obtained from ATCC company.

*MurA, GlpT, UhpT, fosA, fosB* and *fosC* Genes Amplification and Sequencing {#s0002-s2002}
----------------------------------------------------------------------------

To investigate the effects of *MurA, GlpT, UhpT, fosA, fosB and fosC* genes on FRSA, any genetic variation was analyzed accordingly. The genes were amplified using primers listed in [Table 1](#t0001){ref-type="table"} of the reference.[@cit0019] All the PCR products were sequenced by TSINGKE (Chengdu, China) and then verified by sequence alignment with their corresponding genes in NCBI Nucleotide Database.Table 1Fosfomycin MICs and FSSA and FRSA Strains DescriptionPathogenStrainReference/SourceDescriptionFosfomycin MIC (μg/mL)*S. aureus*ATCC25923American Type Culture CollectionFosfomycin-susceptible reference strain2\#25Lishui central hospital, zhejiang provinceClinical isolate with a G790A base substitution of *MurA*, and C299T base substitution of *GlpT* and G1044T base substitution of *UhpT*128\#28Lishui central hospital, zhejiang provinceClinical isolate with a G790A base substitution of *MurA*, and C299T base substitution of *GlpT* and G1044T base substitution of *UhpT*64\#47Lishui central hospital, zhejiang provinceClinical isolate with a G790A base substitution of *MurA*, and C299T base substitution of *GlpT* and G1044T base substitution of *UhpT*64\#87Lishui central hospital, zhejiang provinceClinical isolate with a G790A base substitution of *MurA*, and C299T base substitution of *GlpT* and G1044T base substitution of *UhpT*64\#99Lishui central hospital, zhejiang provinceClinical isolate with a G790A base substitution of *MurA*, and C299T base substitution of *GlpT* and G1044T base substitution of *UhpT*64\#122Lishui central hospital, zhejiang provinceClinical isolate with a G248 base deletion of GlpT2048\#133Lishui central hospital, zhejiang provinceClinical isolate with a G248 base deletion of GlpT2048

In vitro Susceptibility Testing {#s0002-s2003}
-------------------------------

MIC of fosfomycin and cryptanshinone against FSSA and FRSA were determined by agar dilution assay according to American Clinical and Laboratory Standards Institute (CLSI) recommendations.[@cit0020] The MIC of fosfomycin in combination with cryptanshinone was determined by checkerboard microdilution assay in accordance with the recommendations of the CLSI as well. For MIC measurement, the initial inoculation quantity of each strain was 5×10^5^ CFU/mL in presence of fosfomycin, cryptanshinone, or fosfomycin plus cryptanshinone. After inoculation, the strains were incubated for 16\~18 hours at 37°C. *S. aureus* ATCC 25,923 was used as the control.

The effect of the drug combination was evaluated by Fractional Inhibitory Concentration index (FICI).[@cit0021] A and B stand for two antibacterial drugs: ∑FIC=FIC~A~+FIC~B~, and FIC~A~= MIC~(A\ in\ the\ presence\ of\ B)~/MIC~(A\ alone)~; FIC~B~= MIC~(B\ in\ the\ presence\ of\ A)~/MIC~(B\ alone)~. The FIC index is then evaluated using the following methods: synergy, FICI≤0.5; additive, FICI\>0.5--1; indifference, FICI\>1 to \<2; antagonism, FICI≥2.

Time-Kill Curve Assays {#s0002-s2004}
----------------------

In the presence of fosfomycin, cryptanshinone, fosfomycin plus cryptanshinone, the initial inoculation of *S. aureus* ATCC 25,923 and FOF-R \#122 strains in Mueller-Hinton Broth culture medium was 5×10^5^ CFU/mL. Each experiment has a non-medicated bacterial-containing medium as a control. Under some conditions, cryptotanshinone was added after one hour of bacterial inoculation in order to avoid the antagonism of cryptotanshinone and fosfomycin. Similarly, fosfomycin was re-added after 4 hours of bacterial inoculation because the half-life of fosfomycin was 3 to 5 hours. The tubes under different conditions were then placed in a shaking table at 37°C for cultivation. Samples were taken at 0, 2, 4, 8, and 24 hours and appropriately diluted; 100 μL of the diluted bacterial solution was uniformly applied to Mueller-Hinton Agar medium and incubated at 37°C for 24 hours. After counting the monoclone, the logarithm of the viable cells (CFU/mL) can be obtained. Judging criteria for joint effects:[@cit0013] Compared with the single drug with stronger activity, the bacterial colony number decreased by more than 2 log~10~ CFU/mL in the combination group, which was considered to be synergy; similarly, a decrease in bacterial colonies less than 2 log~10~ CFU/mL was considered to be irrelevant; the increase of bacterial colony number was greater than 2 log~10~ CFU/mL, which was considered to be antagonistic.

Statistical Analysis {#s0002-s2005}
--------------------

Each set of data was expressed as mean ± SEM and a *t*-test was used to determine the difference between the means. Each experiment was carried out three times. P \< 0.05 indicates that the difference was statistically significant.

Results {#s0003}
=======

Resistance Mechanism and MIC of Fosfomycin {#s0003-s2001}
------------------------------------------

The MIC of FRSA ranged from 64 to 2048 μg/mL, while the MIC of fosfomycin-sensitive *S. aureus* was 2 μg/mL. The analysis of the MurA, GlpT, UhpT, fosA, fosB and fosC sequences showed that fosA, fosB and fosC genes were absent in all 7 fosfomycin-resistant strains. The MurA, GlpT and UhpT of 5 low-level fosfomycin-resistant strains all contained the same type of mutation sites, including G790A mutation on MurA, C299T mutation on GlpT and G1044T mutation on UhpT. The other 2 strains of fosfomycin with high resistance only contained G248 deletion of GlpT gene ([Table 1](#t0001){ref-type="table"}).

In vitro Activity of Cryptotanshinone Combination with Fosfomycin Against FSSA and FRSA {#s0003-s2002}
---------------------------------------------------------------------------------------

The MIC of cryptotanshinone alone and the combination of fosfomycin on FSSA and FRSA were determined by broth dilution method and checkerboard dilution method, as shown in [Table 2](#t0002){ref-type="table"}. Cryptotanshinone alone for FSSA and FRSA showed a range of MIC from 8\~128 μg/mL. When cryptotanshinone combined with fosfomycin, 5 of 7 resistant strains showed synergistic effect, and 2 strains have partial synergistic effect.Table 2Determination of MIC of Cryptotanshinone and Fosfomycin Alone or in Combination Against FSSA and FRSAPathogenStrainAgentMIC Alone (μg/mL)MIC Combination (μg/mL)FICFICIOutcome*S. aureus*ATCC25923Cryptotanshinone820.250.3125SynergisticFosfomycin20.1250.0625\#25Cryptotanshinone810.1250.625PartialsynergyFosfomycin128640.5\#28Cryptotanshinone810.1250.375SynergisticFosfomycin64160.25\#47Cryptotanshinone810.1250.375SynergisticFosfomycin64160.25\#87Cryptotanshinone810.1250.375SynergisticFosfomycin64160.25\#99Cryptotanshinone80.50.06250.5625PartialsynergyFosfomycin128320.5\#122Cryptotanshinone128320.250.3125SynergisticFosfomycin20481280.0625\#133Cryptotanshinone128320.250.3125SynergisticFosfomycin20481280.0625

Time-Killing Curves {#s0003-s2003}
-------------------

Through time-bactericidal experiment, the sterilization abilities of cryptotanshinone combined with fosfomycin and single drug were measured against FSSA and FRSA. The strain ATCC 25,923 treated with 32 μg/mL cryptotanshinone in combination with 0.125 μg/mL fosfomycin showed higher synergistic activity, with bacterial cell count decreased by 4.77 log~10~ CFU/mL compared to fosfomycin alone at 24h (P\<0.05).([Figure 1](#f0001){ref-type="fig"}). Combination of 32 μg/mL cryptotanshinone with 128 μg/mL fosfomycin of \#122 strain showed higher synergistic activity compared with fosfomycin alone. The colony count of the combination group was significantly lower than that of the single group (P\<0.05). The bacterial cell count in the combination group decreased by 2.70 log~10~ CFU/mL at 24h compared with fosfomycin alone ([Figure 1](#f0001){ref-type="fig"}).Figure 1Early addition of cryptotanshinone potentiates the fosfomycin activity against FSSA and FRSA strains. Time-kill curves of *S. aureus* ATCC 25,923 and \#122 strains in presence of cryptotanshinone, and fosfomycin alone or in combination with cryptotanshinone for 24 h. FOS, fosfomycin, CPT, cryptotanshinone.

Since the half-life of fosfomycin in vitro is 2.5 h,[@cit0022] we did not rule out the possibility of degradation of fosfomycin in the culture medium during the time sterilization curve test, thus affecting the experimental results. Therefore, in order to maintain the concentration of fosfomycin in the medium, we added 0.125 μg/mL fosfomycin again in the 2 μg/mL cryptotanshinone combined with 0.125 μg/mL fosfomycin group, as well as the 0.125 μg/mL fosfomycin alone group after incubation for 4 h in the following experiment. This approach decreased the bacterial cell count of ATCC 25,923 strain by 5.60 log~10~ CFU/mL with respect to fosfomycin plus fosfomycin at 4 h (P\<0.05) ([Figure 2](#f0002){ref-type="fig"}). In addition to \#122 strain, the addition of fosfomycin for a second time increased the synergy of cryptotanshinone and fosfomycin plus fosfomycin which decreased the bacterial cell count by 4.22 log~10~ CFU/mL with respect to fosfomycin plus fosfomycin at 4 h (P\<0.05) ([Figure 2](#f0002){ref-type="fig"}).Figure 2Cryptotanshinone potentiates the fosfomycin activity against FSSA and FRSA strains after second time addition of fosfomycin. Time-kill curves of *S. aureus* ATCC 25,923 and \#122 strains in presence of cryptotanshinone and fosfomycin alone, or in combination with or without addition of fosfomycin for second time 4 h after bacterial addition. FOS, fosfomycin, CPT, cryptotanshinone.

Discussion {#s0004}
==========

At present, the treatment of *S. aureus* infection is a thorny problem worldwide. In particular, after the emergence of MRSA, some antibiotics commonly used for *S. aureus* infection also appeared to be resistant, such as FRSA.[@cit0023] Addressing the drug resistance of *S. aureus* infection is critical, and combination therapy is one of the breakthroughs.

In this study, according to the drug susceptibility test, the MIC of fosfomycin on 7 drug-resistant strains ranged from 64 to 2048 μg/mL, while the MIC of sensitive strains was 2 μg/mL. The resistance value of fosfomycin was much higher than that found by Fu et al,[@cit0024] which indicated that the phenomenon of highly resistant strains has appeared gradually, suggesting that fosfomycin should be used reasonably in the future.

Then, we investigated the mechanism of fosfomycin resistance and found that none of the plasmid-mediated fosfomycin-modified protein fosA, fosB and fosC were detected in the 7 strains of FRSA. In general, enzymes encoded by these three genes modify fosfomycin to make it resistant to drugs.[@cit0025] The fosA and fosC genes are generally not present in positive bacteria, while fosB is often detected in positive bacteria.[@cit0024] For example, French Etienne and other scholars[@cit0026] isolated 18 strains containing fosB gene in 39 strains of FRSA, with a positive rate of 46.15%; Fu et al[@cit0024] collected and tested the positive rate of fosB gene in China Huashan Hospital, with a positive rate of 13.43%. However, the positive rate of fosB gene in the drug-resistant strains in this study is zero, which is inconsistent with the previous results, indicating that the positive rate of fosB gene may also be affected by different geographical regions and the presence of the fosB gene may not absolutely lead to fosfomycin resistance.[@cit0027]

For the chromosomal resistance gene MurA, GlpT and UhpT, there are four mutations in 7 strains of fosfomycin-resistant strains, namely G790A mutation on MurA, C299T mutation and G248 deletion on GlpT, and G1044T mutation on UhpT, respectively. In contrast, FSSA ATCC 25,923 has the C299T mutation on GlpT only. Our data showed that the C299T mutation on GlpT was not related to fosfomycin resistance, which was consistent with the phenomenon studied by Fu et al.[@cit0024] In addition, due to the deletion of G248 on GlpT, the MIC of fosfomycin against *S. aureus* increased from 2 to 2048 μg/mL, indicating that the loss of G248 on GlpT may lead to higher levels of resistance to fosfomycin. Of note, Fu et al also found that strains containing GlpT mutations showed high levels of resistance.[@cit0019] Some researchers have found that when GlpT or UhpT proteins are mutated, bacterial uptake of fosfomycin decreases, leading to drug resistance.[@cit0028] In addition, the G790A mutation on MurA and the G1044T mutation on UhpT may cause moderate resistance to fosfomycin, which increases the MIC of fosfomycin from 2 to 128 due to mutations in both. Studies have shown that mutations in the fosfomycin-targeted protein MurA decrease the affinity of fosfomycin to MurA protein, resulting in bacterial resistance.[@cit0029] Our findings are also consistent with the previous results.[@cit0028],[@cit0030],[@cit0031]

Next, this study tested the in vitro activity of cryptotanshinone combined with fosfomycin against FSSA and FRSA, and found that the combination of the two drugs can produce synergistic effects on drug-resistant strains. Moreover, the effective concentration of fosfomycin can be reduced by 2\~16 times compared with the treatment alone. Compared with the results of Hao Chen et al,[@cit0032] the concentration of fosfomycin required for the combination of fosfomycin and cryptotanshinone was lower in this study. The combination of fosfomycin and cryptotanshinone has a synergistic effect on most (71.43%) of the FRSA, and has a partial (28.57%) synergistic effect on a small part, indicating that fosfomycin combined with cryptanshinone could effectively target fosfomycin-resistant *S. aureus*. In addition, FICI is greater than or equal to 0.375 for low-level FRSA, whereas FICI is equal to 0.3125 for high-level FRSA. Thus, the drug combination can produce a better synergistic effect on the high level of fosfomycin-resistant *S. aureus*.

On the other hand, in order to verify the synergistic effect of the combination of the two drugs, time-kill assay is essential. The combination of fosfomycin and cryptanshinone increased the activity of fosfomycin against *S. aureus*, especially fosfomycin-resistant *S. aureus* at 24 h in the study. In the time-sterilization curve, the reduction in bacterial colony number was greater than 2log10 CFU/mL compared with the fosfomycin alone group, indicating that the combination of fosfomycin and cryptotanshinone can produce a synergistic effect, which confirms our previous conclusion. The combination of fosfomycin and cryptotanshinone has stronger antibacterial activity than single drug. According to our results, fosfomycin and cryptanshinone had no obvious inhibitory effect on the growth of bacteria when treated alone, while the antibacterial effect was significant after combined treatment. One of the reasons could be the inhibitory effect of fosfomycin on the synthesis of bacterial cell wall in the early stage,[@cit0033] which affected the growth of bacteria, so that cryptanshinone could better enter the bacteria and play a role.

What is more, when fosfomycin was added again at the 4th hour for the group with fosfomycin resistance *S. aureus*, compared with the group without adding fosfomycin, the number of bacterial colonies decreased significantly, indicating that the half-life of fosfomycin still had a certain effect on the activity of the combined treatment. Moreover, the addition of fosfomycin can reduce the impact on the combination due to half-life.

Finally, the combination of cryptotanshinone and fosfomycin may help fosfomycin in destroying the cell wall of FRSA,[@cit0034],[@cit0035] and inhibit the synthesis of its protein and nucleic acid, resulting in the loss of normal bacterial function. There are limited reports on the combination of cryptotanshinone and other antibiotics.[@cit0017],[@cit0034] In addition, we confirmed that for the first time the possibility of combining cryptanshinone with fosfomycin to fight against fosfomycin-resistant *S. aureus* in the study, thus promoting the pharmacodynamic advantage of fosfomycin against drug-resistant bacteria infection.

Conclusions {#s0005}
===========

Cryptotanshinone has potential effect of fosfomycin against FSSA and FRSA. Thus, cryptotanshinone can be used as a natural source for the development of new functional drugs in combination with fosfomycin, aiming to eliminate fosfomycin-resistant *S. aureus*. The results of this study can provide new ideas for the clinical treatment of *S. aureus* infection.
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